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Stratospheric trace gases in the spring
1986 Antarctic atmosphere

C. B. Farmer, G. C. Toon, P. W. Schaper, J.-F. Blavier & L. L. Lowes

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109, USA

The atmospheric absorption features of over 500 infrared solar spectra recorded at McMurdo Station, have been analysed
to determine the vertical column abundances of trace gases crucial to the understanding of the ‘ozone hole’ phenomenon.

SATELLITE measurements'” have now established that the
springtime ozone depletion, first reported by Farman et al?,
extends throughout the polar vortex, a region of the atmosphere
isolated by the polar circulation during the Antarctic winter and
usually centred over eastern Antarctica. During September and
October 1986, a period during which we monitored the atmos-
phere above McMurdo Station (78° S, 166° E), we were fortunate
that we were near the centre of the ozone hole on two occasions;
15-22 September and 15-23 October. The edge of the hole, as
defined by the maximum ozone gradient, was close to McMurdo
on three occasions: 5-8 September, 23-28 September and
6-13 October. Thus, our observations sampled the polar atmos-
phere deep inside the vortex as well as the warmer regions close
to the edge.

The observations were made with the JPL MkIV Inter-
ferometer, a high-resolution Michelson interferometer built
specifically for recording atmospheric spectra from remote
ground-based sites, aircraft and from stratospheric balloons.
The instrument is double-passed with one fixed and one moving
corner reflector, allowing a 200-cm maximum optical path
difference. For the majority of the spectra recorded at McMurdo
the maximum path difterence of the scans was limited to 66 cm,
giving an unapodized spectral resolution of 0.01 cm™'. The car-
riage which holds the moving reflector is driven by a flexible

integrating nut riding on a lead screw. This arrangement,
together with the double-passed optical scheme, makes the
instrument resistant to the effects of mechanical distortion and
shock; this was especially important when operating under the
conditions of wind and thermal stress encountered in the Antarc-
tic environment. The spectral range of the instrument is covered
by two detectors: an InSb detector is used for the shorter
wavelengths (1.8-5.5 pm, 1,800-5,500 cm™') and a HgCdTe
photoconductor for the range 5.5-15 wm (650-1,800 cm ™). Both
detectors are cooled to liquid nitrogen temperatures. The optical
path difference between the two arms of the interferometer is
monitored during the scan by a He-Ne laser whose interference
fringes are used to trigger the sampling of the two signal chan-
nels. At the sampling rate of 10°s™', each pair of one million-
point interferograms is recorded in 100 s.

An advantage of this technique is that the measurements of
all of the constituents are made simultaneously in the same
airmass, so that the results presented here represent self-
contained inventories for each day. Due to the low solar angles,
the stratospheric airmass sampled by our instrument was, at
times, as much as 200 km away from the observation site,
a point to remember when comparisons are made between
these and other measurements made in slightly different
airmasses.
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Fig. 1 Vertical column abundances of ozone over McMurdo
Station during September and October, 1986. The dotted line shows
the temperature at the 50-mb level.

Data from 14 days have been analysed to examine the vari-
ations of the column abundances of several related gases whose
behaviour should provide clues for discriminating between the
different mechanisms that have been suggested to explain the
ozone hole. Table 1 lists the values of the solar zenith and
azimuth angles for the beginning and end of the observation
periods during which the spectra were recorded. The results for
the stratospheric trace gases are summarized in Table 2 and in
Figs 1, 2 and 3. The short-term variations (on a timescale of
days) are a reflection of the movement of the polar vortex; the
longer-term changes reveal the variations of stratospheric com-
position in the vortex that accompany the ozone depletion. In
common with other studies, we have chosen the temperature at
the 50-mb level as the characteristic parameter to describe the
sampled airmass and against which to examine correlations of
the column abundances of the related trace constituents. These
temperatures were collated from radiosonde measurements
made at McMurdo by the United States Navy and by the
University of Wyoming (D. Hoffman, personal communication)
during our observing period, and are superimposed on Figs 1,
2 and 3 showing the time variation of the constituent abund-
ances.

The analysis of the spectra was performed by scaling an
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Fig. 2 As Fig. 1, for HNO; (A), NO (O) and NO, (). Note that
the HNO; values are shown at half scale.

assumed volume mixing ratio profile for a particular molecule
until the spectrum calculated using this profile best matched the
measured spectrum over a small wavenumber interval, or ‘micro-
window’, in which the spectral lines of the molecule are free
from blending with lines of other gases. Table 3 lists the micro-
windows used for the molecules reported here. The temperature
and pressure profiles used in the calculation were interpolated
from the radiosonde measurements of Hoffman et al*; as these
radiosonde flights were made about twice per week, the poten-
tially large temperature error on some days dictated our choice
of temperature-insensitive spectral lines whenever possible.
The retrieval of a vertical column abundance from an atmos-
pheric absorption feature requires knowledge of both the volume
mixing ratio profile of the gas and the trajectory of the solar
radiation through the atmosphere. The latter was established by
numerical tracing of a ray backwards through the refracting
atmosphere until it emerged at the correct astronomical solar
zenith angle, computed from the known latitude, longitude, time
and the solar ephemeris. The accuracy of the parameters used
in this calculation becomes critical for low solar-elevation
observations; but a sensitive internal check on the validity of
the ray geometry assigned to each spectrum is provided by CO,,
whose line strengths and mixing ratio have been determined to

Table 1 Summary of observation periods used for the present analysis

Local time*

Date start zenith

8 September 11.23 84.6
15 September 12.09 81.3
17 September 11.15 81.3
20 September 13.46 79.5
24 September 11.37 78.1
25 September 13.13 77.3
28 September 13.05 76.1
30 September 13.46 75.7

1 October 13.23 75.0

8 October 05.47 87.3
12 October 14.00 71.4
15 October 05.02 86.9
21 October 14.02 68.2
24 October 13.46 66.8

Solar angle (deg.)

Local time Solar angle (deg.)
azimuth stop zenith azimuth

22.0 11.57 84.1 13.5
9.9 13.00 81.1 357.1
23.2 11.43 80.8 16.2
3452 13.58 79.7 3422
17.1 11.41 78.1 16.1
353.0 13.40 77.5 346.2
354.7 13.41 76.4 345.7
344.3 14.04 76.0 339.8
350.0 14.12 75.8 3377
103.5 06.14 85.9 96.7
339.9 14.13 71.7 336.7
114.3 05.48 84.6 102.8
339.0 14.30 68.8 332.0
342.8 14.06 67.2 337.8

* Local time, GMT+12h.
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Table 2 Observed vertical column abundances (molec. cm™2)
0,1 0, NO NO, HNO, CIONO, HCI
Molecule (x10'%) (x10'8) (x10'%) (x10%%) (x10") (x10'%) (x10"%)
Date

8 September 7.79 8.47+£0.20% 2.4+0.5 1.4+£0.5 19.6 +0.5 2.5%0.5 1.56+£0.10
15 September 6.15 5.57+0.20 2.6+0.6 1.0+ 0.4 14904 1.8+0.3 1.48+0.10
17 September 5.51 5.98+0.15 23+04 0.5+0.5 10.9+0.2 1.5+0.2 1.58+£0.10
20 September 5.83 5.92+0.05 2.1+1.0 2.0+4.0 10.8+0.2 2.0+0.2 2.04+0.15
24 September 8.04 8.06+0.20 3.6+0.6 3.0+2.5 16.6+0.5 45+04 2.69+0.15
25 September 7.04 7.37+£0.15 3.1+0.2 1.9+0.4 127104 3.7£0.2 2.84+0.10
28 September 6.26 6.44+0.10 3.0+0.2 1.1+0.4 11.2£0.2 3.0+0.2 2.85+0.05
30 September 6.48 6.99+0.15 3.0£0.5 22+0.5 14.1+0.2 3.8+0.4 2.88+0.10

1 October 6.26 6.33+0.12 3.5+£0.5 2.8+0.5 15.1+£0.2 3.7+0.2 2.99+0.10

8 October 7.28 8.55+0.05 3.4+03 3.0+0.2 20.0+0.2 3.5+0.1 4.15+£0.05
12 October 6.56 6.95+0.05 3.5+04 2.1+0.5 10.2+0.1 3405 4.20+0.05
15 October 5.78 5.85+0.05 2.9+0.2 19+0.3 11.5+0.2 2.5+0.1 4.17+0.05
21 October 5.13 5.29+0.60 2.8+0.8 24+0.6 9.4+04 24+12 3.65+0.25
24 October 5.67 5.55+0.40 3.7+0.5 20+1.5 10.7+0.3 1.5+0.8 5.29+0.25

* HF, 1.80+0.01 x 10'°. + Latitude-corrected TOMS O, column values, see text. ¥ The global errors represent precisions, see text.
high accuracy elsewhere. Tests showed that for weak, tem- 12 L A O N
perature-independent absorption features, and solar zenith | AN B
angles <85°, the error due to the use of an incorrect volume \\
mixing ratio profile is small. The analysis was therefore concen-

trated on the spectra taken at the highest elevation angles, even
though these, because of their characteristically shallower
absorptions, resulted in somewhat lower precision. Of the
molecules discussed here, HNOj; shows the largest dependence
of the derived column abundance on the assumed vertical profile.
This results from two factors: (1) the accessible spectral lines
are temperature-dependent (—0.4% per °C) and (2) they are
opaque at the line centres, resulting in nonlinear growth of their
absorption. Numerical tests using a range of realistic vertical
profiles showed that the derived HNO; column varies over a
maximum range of £15%. But provided the shape of the profile
did not change appreciably during the observation period, errors
in the assumed profile introduce a systematic bias which does
not invalidate the derived day-to-day variations in the column
amount.

The absolute accuracy of the molecular spectral parameters®
used in the analysis limits the accuracies of the derived column
abundances for most of the gases discussed here. The exceptions
to this are NO and NO,, which have such small absorptions
that on days when the SNR is poor the accuracy of the column
becomes limited by random error. The CIONO, Q-branch at
780 cm™! has only recently been measured at low temperatures®
and over an extended spectral range’; the results of these new
measurements indicate a potential 30% error in our derived
column values for CIONO,. Spectral line parameters of the vs
band of HNO, used here are incomplete; Brown et al’ claim
an accuracy of 10% for the integrated intensities of the four
fundamental bands of HNO;. As the microwindow used for
HNO; includes five manifolds, each of which contains several
prominent lines, we believe that 20% is an appropriate accuracy
for our derived columns, although individual spectral lines may
be uncertain by more than this. The O;, HCl and HF line

Table3 Principal microwindows used for analysis

Constituent Central frequency and width (cm™')
Cco, 2,632.36, 2,636.63 (0.2)

0, 1,154.61 (0.2)

HNO, 868.10 (2.0)

CIONO, 780.25 (0.7)

NO 1,900.05, 1,903.13 (0.2)

NO, 2,914.65 (0.1)

HCI 2,843.63, 2925.90, 2963.29 (0.1)
HF 4,038.96 (0.2)

|
]
!
10 ! \ —{-65
i \ !
]
)
1

Column abundance (molec. enm?x10')
Temperature at 50mb (°C)

5 10 15 20 25 30 & 10 15 20 25
September October
Fig. 3 As Fig. 1, for the chlorine reservoir species HCl (0J),
CIONO, (O) and their sum (A). The column abundance value for
HF obtained on 12 October 1986 is also shown (O).

parameters are estimated to be accurate to 5% (ref. 5). But errors
in the assumed strengths of the spectral lines enter the analysis
as systematic effects so that, provided the same features are used
for each spectrum analysed, only errors in the assumed tem-
perature dependences of the line strengths and Lorentz widths
coupled to actual temperature changes will affect the precision
of the day-to-day variations. These temperature dependences
are well known in all cases (except for CIONO,) and are
automatically accounted for in the analysis procedure. There-
fore, as the importance of the derived column abundances lies
primarily in their trends and correlations, rather than their
absolute values, we feel it appropriate to quote errors corre-
sponding to estimates of relative precision rather than absolute
accuracy, so that significant day-to-day variations are still
apparent. These error estimates listed in Table 2, are the standard
deviations of column abundances obtained from individual
spectra. It is evident from examination of the errors that the
quality of the data varied considerably, chiefly because of the
effects of wind buffeting the instrument on some days.

Trace gases

Ozone. As an example of the precision attainable by this method,

Fig. 4 shows measured and calculated spectra at 1,154 cm™', one
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Fig. 4 Comparison of calculated and measured spectra over a

region including the triplet of ozone lines at 1,154.6 cm™" used to

derive the O; column abundances. The observed data were taken

on 8 October 1986 at a solar zenith angle 85.9°. The residuals

(measured minus calculated) have been included to emphasize the
small differences between the spectra.

1.0 T T T

Transmittance

|

a

| 1
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Wavenumber (cm™)

0.0

Fig. § Exampiles of a calculated spectrum (lower trace) and three
consecutive measured spectra (offset for clarity) taken on 8 October
1986 at a solar zenith angle of 87.1°. These illustrate the reproduci-
bility of the observations and the high quality of the spectral line
parameters used in the calculations. Some of the more significant
absorptions are identified: [J, CH,; O, H,0; A, HCI; ©, NO,.

of many ozone microwindows; the r.m.s. deviation between the
calculated and measured spectra is typically 0.35% for a single
scan. To validate our ozone measurements, we calculated where
the path of the observed solar radiation had passed through the
ozone layer and then estimated the total ozone mapping spec-
trometer (TOMS) O; column at that location from the latitudinal
Qj; gradient (ref. 2 and A. J. Krueger, personal communication).
When we were close to the edge of the ozone hole this gradient
was as large as 10% per degree (latitude), and the corrections
on these occasions were considerable. Comparison of our O,
total column values with the latitudinally corrected TOMS
values (Table 2) gives a good indication of the general agreement
between the methods. The residual systematic difference of ~5%
is a reflection of the accuracy of the spectral parameters used
in the analysis.

Nitrogen species. It has been postulated® that the Antarctic ozone
depletion is a natural phenomenon linked to the solar cycle, the
ozone reduction being caused by enhanced levels of nitrogen
oxides produced as a result of increased solar activity. Our
measured NO, values (Fig. 2) were abnormally small, especially
in mid-September when they fell below 1x 10'* cm™2. Bearing

1.0 L——J—w—“:—'- T T T

Transmittance

0.0 1 L i 1 1 1 1 1 1 1 | i L +2%
/ 5
©
AA /TN /JL JAY 0 2
v \/‘ V\f/ v @
&
r.m.s.deviation =0.59%
i i L L I i I 1 -2%

1
780.5
Wavenumber (cm=")

Fig. 6 Observed and computed spectra in the 780.2 cm™" micro-

window for CIONO,, from data taken on 15 October 1986 at a

solar zenith angle of 85.6°. The lower trace shows the residuals

while the upper tick marks represent the positions and strengths
of the CIONO, spectral lines used in the calculation.

in mind the lower altitude of the polar NO, layer'!, the peak
volume mixing ratios were therefore greatly reduced in com-
parison with mid-latitudes®'®. NO, columns recovered to ~3 X
10" cm™> when the edge of the hole was close to McMurdo,
but never exceeded mid-latitude values. These results agree with
the visible measurements of Mount et al.'' to within the error
estimates. NO followed the same trends as NO,, with the
difference that the bulk of the NO which, on the basis of
mid-latitude profiles, is assumed to be located above the region
of the ozone depletion, moderated the fluctuations in its total
column abundance. The column abundances of HNO,, which
are plotted at half-scale in Fig. 2, show large fluctuations, the
maximum values being larger by a factor of two than the values
obtained from measurements using the same spectral interval
at lower latitudes®"°.

Halogen sinks and reservoirs. The behaviour of the principal
chlorine reservoirs, hydrochloric acid (HCI) and chlorine nitrate
(CIONO,), is shown in Fig.3; examples of the spectral fits
obtained in the analysis of these gases are illustrated in Figs 5
and 6. The HCI column amounts, which are derived from the
analysis of several absorption lines, show an increase from an
initial low value of 1.5x 10 cm™2 to 4.2x 10" cm™2 by mid-
October. A further rapid increase to 5.3x10'° cm™2 occurred
during the last few days of observation, an almost fourfold
increase overall. The corresponding column value for the stratos-
pheric component of HCI at mid-latitudes is 1.5 x 10'> cm ™2 (refs
9,12).

The CIONO, results show a similar trend (but with much
larger day-to-day variations) until the beginning of October,
after which there is a marked reversal and the column amounts
decrease for the remainder of the period. The polar CIONO,
column values are considerably higher, with respect to mid-
latitude amounts'®, than the HCI values. The variation of the
total amount of chlorine in the reservoirs (which is assumed to
be the sum of HCI and CIONO,) is also plotted in Fig. 3; this
shows a very close correlation with the stratospheric temperature
and an increase of a factor of two between September and
October.

When discussing the sinks and reservoir species, note that the
measurements themselves yield values only for the vapour phase
abundances of the constituents. The increase in the chlorine
reservoirs between September and October, both inside and
‘outside’ the hole, suggests either that substantial fractions of
the HCl and CIONO, are held in some condensed form, for
example, as polar stratospheric clouds, before October, or that
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‘missing” chlorine is present in the atmosphere in some other
molecular form which we have not yet been able to identify in
the spectra. The former possibility is supported, in a qualitative
sense, by the correlation of the reservoir species with the stratos-
pheric temperature. In the absence of significant condensation,
however, the deficit to be made up by an alternate molecular
form of chlorine is large—at least 4x 10'° cm™*—and species
with even the weakest line strengths would be readily detected
at the high signal-to-noise ratio of these observations, unless
their absorption bands coincided with opaque regions of the
spectrum; strong methane and nitrous oxide lines, for example,
hamper the search for CL,0, in the 1,200 cm™" region of the
spectrum. Conservative estimates of the minimum column
amounts of ClO which would give rise to discernible spectral
features at 850 cm ™' in our spectra in September and October
were 2x 10" em™ and 1x 10"° cm™2, respectively. The present
results taken alone, therefore, do not preclude the possibility
that relatively large amounts of ClO, but <2x 10" cm™2, are
present in the stratosphere during September and early October.
The missing chlorine cannot be accounted for by ClO alone,
however.

In either of the above cases, the partitioning of chlorine
between CIONO, and HCl is unusual, and very different from
the observed situation at lower latitudes, where measurements
and model predictions are in good agreement*®, The mid-latitude
column values for CIONO, and stratospheric HCl are 7 x 10**
and 1.5x10" cm™2, respectively. By comparison, the corre-
sponding values for McMurdo in October were both approxi-
mately 4 x 10'° cm ™. The partitioning between the two reservoirs
reverts to a ratio more typical of lower latitudes towards the
end of October. It is evident that the chlorine chemistry of the
Antarctic stratosphere is perturbed during the early spring
season.

The sink for fluorine, hydrofiuoric acid (HF), was measured
on one day only, towards the end of the observing period at
McMurdo, because the wavelength of the absorption band of
HF lies outside the normal operating range of the instrument.
The spectra that were obtained for HF were of very high quality
and the derived column abundance, 1.80x10'* cm™, has an
estimated accuracy of 5%. This measurement provides a key
reference point in assessing the validity of the Antarctic halogen
budget suggested by these results. Manmade chemicals are the
only known source of fluorine in the atmosphere and HF in the
stratosphere is the direct result of the photolysis of CFCs. The
column abundance of HF at McMurdo is about three times
larger than the corresponding value at mid-latitudes®'?, presum-
ably a consequence of the stratospheric circulation and the long
lifetime of HF. The ratio HF/HCI in the upper stratosphere is
important in understanding the effects of injection of haloge-
nated chemicals as it resolves the complication that arises
because chlorine has natural as well as anthropogenic sources,
coupled with the fact that HCl is removed more easily than HF
from the atmosphere. This ratio at mid-latitudes is presently 1/4
(ref. 9), a value which has increased from 1/10 over the ten
years since its distribution was first measured'®. From the
McMurdo measurements, the fluorine to chlorine ratio for the
Antarctic stratosphere was found to be close to 1/4 also, after
the total chlorine (taken here as the sum of CIONO, and HCl)
had reached its maximum value (by the beginning of October).
This suggests that by October most of the chlorine was in the
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Fig. 7 The spectrum in the region of the R1 line of HF at
4,038.96 cm™" is illustrated. The upper trace (a), taken from the
solar spectrum recorded by the ATMOS instrument'® from an
altitude of 250 km, shows several absorption lines of the 2-0 band
of CO in the solar photosphere. The two superimposed spectra
are a single scan recorded at McMurdo at a solar zenith angle of
71.5° (b) and the corresponding calculated spectrum (c). The
residual plot (d) shows that the large differences between the
observed and calculated spectra are due to the solar lines, which
are not included in the calculation, and that the HF line is isolated
from any interference from either solar or telluric absorptions. O,
solar CO; O, HDO; V, H,0 and ©, HF. The fit to the observed
spectrum in the proximity of the HF line is better than 1%.

vapour phase with very little of it being in any form other than
HCI or CIONO,.

Conclusions

Movement of the vortex caused large positively correlated fluctu-
ations of temperature and all the stratospheric trace gases,
making difficult the separation of temporal trends from the
effects of spatial inhomogeneity. But, between the two periods
when the centre of the vortex was near McMurdo (15-22 Septem-
ber and 15-23 October) even though the temperature increased
at all levels there was very little change in the column abundances
of HNO; which suggests that if this was indeed the same airmass,
little HNO; was frozen out.

The chlorine species, on the other hand, show large increases
between these two periods, suggesting that during September,
a major fraction of the total stratospheric chlorine burden is
either frozen out or is present in some molecular form other
than HCl or CIONO,. The chemical partitioning between HCI
and CIONO, is also highly abnormal during September, both
inside and near the edge of the vortex. While this is not proof
of a cause and effect relationship between halogenated source
gases and the springtime ozone depletion, it is entirely consistent
with such hypotheses.
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